Currently most existing transmission and distribution substations are equipped with lead-acid batteries. These batteries are used as an emergency power supply for critical loads and therefore play a crucial role in substation availability. However the lead-acid batteries are big, heavy, and require regular maintenance. These disadvantages inhibit substation development in areas which have limited space and also need more emergency capability due to having more DC motors and actuators connected. With technology development and cost reduction requirement, relative to lead-acid, lithium-ion batteries now offer an attractive combination of "greener" materials, compact, light, maintenance free, long life and high power and energy density. This paper presents the lithium-ion battery characteristics and the integration of lithium-ion batteries into substations. Simulation and experimental results presented show that the application of lithium-ion batteries is a better choice for substation back up power. It can reduce substantially the substation footprint, eliminate the some of the routine maintenance, and is more environmentally friendly than lead acid.
INTRODUCTION
Most transmission and distribution substations are equipped with batteries. These batteries are typically used to supply the power to operate circuit breakers and substation control and monitoring equipment in case of a power loss, [1] , [2] . With the rapid development of substations they need more emergency power capability: however the space available for substations is becoming more limited. Lead-acid batteries have lost their lead over other technologies because of their volume, weight, maintenance and adverse environmental impact. Lithium-ion battery technology has achieved significant progress; they are suitable not only for portable equipment but also Hybrid Electric Vehicles (HEVs). The ability of lithium-ion battery management systems to communicate with local interfaces facilitates their integration into substation automation for remote supervision and maintenance planning to enhance availability.
LITHIUM ION BATTERY CHARACTERISTICS
Recently, lithium ion batteries have attracted more and more attention in power engineering. Some of these use the more stable lithium phosphate (LiFe(Mg)PO 4 /C) technology. The lithium-ion battery also has these advantageous characteristics:
• sealed and maintenance free • modules can be connected in large series and parallel arrays controlled by one battery management system (BMS) • integral cell monitoring electronics in each module • the module electronics and battery management system can interface with a charger and prevent under/over charging and maximise battery capacity 
SUBSTATION STANDBY POWER REQUIREMENTS
The steady state standby 110Vdc current in a typical 132kV substation 110Vdc supply, [3] , is 40A for 6 hours. This is then followed by current pulses, associated with switchgear operation, of 76A for 10ms, 152A for 50ms, 4A for 3s, 14.7A for 150s, 4A for 10ms and 8A for 50ms.
SIMULATION The lithium ion battery model
Based on the Thevenin model [3] - [7] , an improved discharge model shown in Figure 8 is presented and can be applied to the substation standby power. 
Determination of parameters
The electrical behaviour of the circuit can be described as the following equations:
ideal battery with open-circuit voltage V 0 : no load voltage I: the discharge current in the circuit ΣZ: the equivalent impendence of the circuit At the beginning of the discharge operation, the switches are all closed. Assume the voltages on the capacitors are zero at t=0, then ΣZ is expressed by using Laplace transform as follow:
Where, ΣZ(s) is the equivalent impedance of the circuit.
In regard to the circuit, we can get the expression prior to the final sharp voltage decline. To calculate the parameters of the model, the differential equations have to be solved, whereas the data and curves supplied by the manufacture and used as the boundary. The parameters of the time constant capacitors and resisters may also be obtained consequently.
Simulation using SIMetrix
To test the model and the feasibility of using lithium ion batteries in a substation, a simulation was carried out using the SIMetrix software.
In this simulation, a 60A, 5hour battery discharge model is in used. Figure 3 shows the simulation results which compared with the manufacturer supplied curve. The batteries voltage fall down following the capacity decline and is in accordance with the manufacture supplied curve. Therefore, this battery discharge model meets the requirements of emergency power for substation. From Figure 4 , it can be seen that the batteries capacity can satisfied the substation requirements, which is 240 Ah for the new critical loads.
EXPERIMENT
To evaluate the utilisation of lithium-ion batteries in substations, an experimental circuit was built in the laboratory, Figure 2 . The circuit consists of:
• the battery system, made up by charger and battery • the battery management system (BMS), connected to the batteries via a serial link • a CAN bus transferring data between the BMS and a
PC.
• relays controlled by the BMS to protect the battery • the standing loads R1, the load profile R3 controlled by the MOSFETs In the circuit, a 400mΩ fixed resistor (R1) carries most of the discharge current and the MOSFETs rapidly switch the other resistors in and out to control the current to exactly 40A as the battery terminal voltage falls. The MOSFETs can then apply a pulse current profile to the battery. Prague, 8-11 June 2009 Paper 0065 CIRED2009 Session 3
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Fig 2 The Battery Testing Circuit
At room temperature (approximately 23°C), the battery test results are logged by the PC and plotted in Figure 3 and Figure 4 . It needs 7.5 hours for discharging 300Ah capacity power, and the battery voltage drop from 14.77V down to 10.52V. Fig. 3 the test result compared with the simulation and manufacture data
As Figure 3 shows, initially, the battery voltage reduces quickly in a short interval, and then the batteries go into steady discharge period. After 6.5 hours, the battery voltage falls to 12.6V. At the end period, the battery voltage reaches the turning point and decrease rapidly. In order to meet the requirements of an 110V substation emergency Figure 5 shows how one 110V lithium ion battery could be housed in a substation charger room: not in the 20m 2 of dedicated battery room that the existing 110V and 48V lead-acid batteries together require. The battery modules have flexible orientation rules and are stacked base to base to facilitate replacement. In order to meet the requirements of an 110V substation emergency power supply, 3 strings each of 9 12.8V lithiumion batteries in series are connected in parallel, which has a nominal 300Ah at 0.2C capacity, see Figure 5 . The measured capacity was 331Ah over 7.96hours which is a C/7.96 or 0.126C capacity, giving a 41.5A average discharge current. At the point, in Figure 6 , where the lithium ion battery voltage intercepts the equivalent substation minimum voltage, 11.3V, the interpolated lead-Prague, 8-11 June 2009 Paper 0065 CIRED2009 Session 3
Paper No 0065 acid characteristic would be 0.085C. At an average current of 41.5A this translates to a true 492Ah battery, which could be a 450Ah at 0.1C specification battery. This illustrates why a lead-acid battery installed in a substation for this duty is rated at 375Ah at 0.2C (444Ah at 0.1C) but could be replaced by a 300Ah, lithium ion battery, further reducing the space required. This is because the lithium ion battery voltage is higher and then more stable after the first hour of discharge has elapsed.
CONCLUSION
In this paper, the advantages of lithium ion batteries were reviewed compared with lead acid batteries. A simulation model was developed in SIMETRIX and a laboratory test circuit with the new lithium ion batteries was built. It can be seen from both simulation and experiment results that the lithium ion battery possesses potential as an alternative to lead acid batteries. It can reduce substantially the substation footprint, eliminate the some of the routine maintenance, and is more environmentally friendly than lead acid. In order to utilise the lithium ion battery in substations and accommodate reductions in substation size and expanding emergency power requirements, a prototype of the lithium ion battery for substations was designed. In future work, a lithium ion battery system should be tested in a substation with interfaces to the battery charger and the existing substation monitor system.
